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Localised versus Delocalised Descriptions of
the n-p* Excitations in p-Benzoquinone
H.T.Jonkman, G.A.van der Velde and W.C.Nieuwpoort*
Results of restricted SCF calculations on the closed shell ground-state and open shell n-p* excit d
states of p-benzoquinone will be presented and discussed. The basis set for C nd O consisted of
6/3 sets of primitive gaussian orbitals contracted to 4/2 sets. For H  Gaussians contracted from 3
primitive ones were employed.
In the groundstate the oxygen 'n' orbitals can be described in two equivalent ways: delocalized
m.o.'s of odd and even symmetry or m.o.'s localized essentially on each oxygen. In the excited state
these two descriptions are no longer equivalent. The SCF excitation energies calculated for the two
situations differ drastically, the localized results being some 2.5 eV less than the delocalized ones
and in much better agreement with experiment.
Introduction
In recent work [1,2,3] on the spectroscopy of
p-benzoquinone it is established that the observed
lowest triplet and singlet states are all of the n-p*
type. A typical feature of the spectrum is the small
splitting between the states corresponding respectively
to the excitations 4b1g(n-
y) ® 2b2g(p) and 5b2u(n+y) ®
2b2g(p): 3Au-3B3g~0.04 eV, 1Au-1B3g~0.03 eV.
The   splitting   between   corresponding   singlet  and
Table 1:  Exponents and contraction coefficients
Atom Function Exponent Coefficient


















H s 4.46834 0.15699764
0.678538 0.90407691
0.151055 1.
triplet states of ~0.2 eV is also relatively small.
(The x and y axis are chosen in the plane of the
molecule, the x axis coinciding with the carbonyl
bonds, x=b3u,y=b2u,z=b1u). As the existing theore-
tical treatments [4,5] leave room for improvement we
h ve undertaken a series of ab initio SCF-MO
calculations on the groundstate as well as on a variety
of excited and ionised states of p-benzoquinone.
The  calculations were carried out with the program
SYMOL written by one of the authors (G.A. vd V.).
This program solves the conventional restricted closed
and open shell SCF equations in terms of cartesian
basis functions and is especially constructed to deal
efficiently with molecular symmetry. The contracted
basis set employed is listed in table 1. The molecular
geometry was taken from [6]. In the following we
briefly report and discuss the results obtained for a
number of excited states from two sets of calculations.
In the first one D2h symmetry was imposed on the
molecular orbitals, in the second one the symmetry
was lowered to C2v with the long axis of the molecule
as the C2 axis.
Results and Discussion
In table 2 calculated and measured excitation
energies are listed. The most striking feature is the
large discrepancy between the calculated and
experimental positions of the ny-p* excited states
when the molecular orbitals are constrained to
transform according to the irreducible representations
of D2h.  In particular the lowest triplet state is
calculated as p-p* and although the lowest singlet
states correspond to n-p* their calculated excitation
energies  as  well  as  those  of  the  n-p*  triplet  states
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are 2 eV larger than the measured values. The
calculated splittings between the -p* states are
about  three  times  larger  than  observed:  3Au -
3B3g =
0.13 eV, 1Au-
1B3g = 0.082 eV, the singlet-triplet
splittings are about 0.35 eV.
Table 2:  Computed and experimental excitation energies
of p-benzoquinone (in eV)
DSCFa Experi-bTransitions States
D2h C2v mental
2b1u-2b2g (pp*) 3B3u 2.49 2.49
4b1g-2b2g (n-p*)









4b1g-2b2g (n-p*) 1B3g 4.59 2.08 2.458
5b2u-2b2g (n+p*)
1Au 4.67 (2.08) 2.516
1b3g-2b2g (pp*)
1B1g 5.42 5.24 4.069
2b1u-2b2g (pp*)
1B3u 7.13 (5.24) 5.127
(a) Eground = -378.392087 au
(b) See [1,2]
There is no doubt that this situation can be
improved substantially by carrying out extensive
configuration interaction calculations. However, such
an approach at this stage might obscure an important
physical origin of the discrepancies observed. The
completely filled pair of ng and nu orbitals obtained
in the groundstate calculation (i.e. 4b1g and 5b2u)
consist mainly of 2py orbitals centred on the oxygen
atoms and they can in fact be transformed to a set of
equivalent orbitals n1 and n2 that are well localised
on the oxygen atoms O1 and O2 respectively. In the
groundstate there is of course no physical
difference  between the delocalised and localised
representation. They are, however, quite different
when states are considered where one n- lectron is
excited as in the n-p* transitions considered. At first
sight this difference may not seem very meaningful
because the localised hole states which may be
indicated by F1~|.... n1  n2 `n2 ....| and F2~
|.... n1 ` n1  n2 ....| do not have the required g or u
symmetry. This property can be recovered by
forming Fg,u~F1 ± F2 which can be seen to be
equivalent to the delocalised descriptions
Fg~|.... ng  nu `nu ....| Fu~|.... ng `ng nu ....|
as  long  as  the localised orbitals n1 and n2 are
equivalent i.e. they transform in to each other under
inversion as is the case for the localised groundstate
orbitals. The equivalence of localised and delocalised
descriptions is, however, lost when the localised
orbitals in each determinant are no longer related
by symmetry: F1'~|...n1' n2` n2 ...|, F2'~|...n1` n1 n2' ...|,
In1 = n2 ¹ n2' = In1'.  For  this   to   occur   the   orbital
relaxation or polarisation effects that take place on
excitation should be significantly different for the
two descriptions of the excited states. Exactly this is
expected to happen when the equivalent orbitals in
the groundstate are found to be well localised
because the polarising influence of a localised hole
will be larger than that of a distributed one. Since in
that case also the matrix element between F1' and
F2' will be small an open shell SCF calculation
based on either one of the equivalent determinants
F1', F2' should be indicative. In other words if our
reasoning is basically correct a calculation in which
the symmetry is lowered to C2v should yield
inequivalent localised n-orbitals instead of
delocalised g and u symmetry orbitals and it should
lower the n-p* excitation energies by an amount
which is much larger than half the splitting of the
n-p* states found in the D2h calculations (»0.1 eV).
At the same time no significant changes are
expected for the p-p* excitations because the p
orbitals cannot be very well localised.
The data in table 2 show that these expectations
are born out quite well, the calculated n-p* excitation
energies are lowered by ~2.5 eV with respect to the
delocalised results. The singlet-triplet separation is
reduced to 0.23 eVagain in closer agreement with
experiment. The 'n-hole' is strongly localised on one
of the oxygen atoms, the p* orbital stays
delocalised. In table 3 the Mulliken gross charges
on the atoms are displayed.   These numbers indicate
Table 3:  Mulliken gross atomic charges in ground and
n-p* excited states




(a) averaged over all states of excited configuration
Table 4:  Some computed and experimental ionisation
energies of p-benzoquinone (in eV)
DSCF Experi-bOrbitals
(D2h)
a D2h C2v mental
2b1u (p) 10.91 10.42 10.06 10.12
1b3g (p) 11.37 10.53 (10.06) 10.42
4b1g (n-
y) 11.75 11.04 8.60 11.04
5b2u (n+
y) 12.35 11.23 (8.60) 11.51
1b2g (p) 14.91 14.20 14.20 13.44
8ag  (n+
x) 16.02 15.45 13.40 14.69
7b3u (n-
x) 16.84 16.08 (13.40) 16.10
(a) orbital energies
(b) [8], assignments not conclusive
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that the polarisation is of short range and essentially
confined to the oxygen atom where the n-hole is
created and its neighbouring carbon atom. We note
that in a geometry optimization the nuclear
configuration of lowest energy may in fact
correspond to C2v symmetry on the basis of our
results which would give rise to static or dynamic
(pseudo) Jahn-Teller phenomena in the n-p* states.
In this connection it is of interest that recent Stark
measurements on p-benzoquinone have been
interpreted by assuming a double minimum potential
for the 3B3g and 
1B3g states.
The same effects are expected and in fact found in
calculations on ionised states (table 4). This has been
noted earlier by Bagus and Schaeffer [7] in their
calculation on the 1s core excitations of the O2
molecule. These authors invoke C¥v symmetry
instead on D¥h for O2
+ in order to obtain restricted
HF results that agree with the ESCA data.
We have also carried out calculations on a variety
of excited and ionised states of pyrazine where
similar results are obtained. The energy shifts are
somewhat smaller here as is expected from the fact
that the n-orbitals are found to be less localised in
this molecule.
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